Abstract. BACKGROUND: Ever deeper mining is exposing workers to increasing heat and humidity, which can threaten their health and safety. OBJECTIVE: The objective of this research is to create a matrix of criteria that will eventually be used to design a personal cooling vest that will meet the needs and wants of miners. METHODS: A literature review was done to identify the constraints and requirements of miners in ultra-deep mining conditions; a field study was conducted in which information was acquired by measurement (temperature, humidity), observation (work rate) and semi-directed interviews of a convenience sample, 20 volunteer participants (age, weight, height, shirt size, personal protective equipment currently worn and opinion about a cooling vest). The data was then structured, compiled and interpreted to create a matrix. RESULTS: Participants were found to be in the > 50% percentile of the population regarding weight and height. All reacted positively to the idea of a cooling vest to help in their work. A matrix containing nine users and seven design-related criteria was created.
Introduction
The depletion of mineral resources, particularly of precious metals such as gold, in the earth's higher strata has led mining companies to follow current mineral deposits further into the earth [1] at a distance that qualifies mining as deep and ultra-deep (2 km and more) [2, 3] . At these depths, miners are confronted to environmental conditions, which at the present time are a risk to their health and safety. The increase in depth means a rise in ambient temperature and this subjects the miners to heat stress, which is known to have a negative impact on physical work performance and to make people more prone to work-related accidents [4] .
Part II of Canada's Labour Code entitled Occupational Health and Safety concerns "the elimination of hazards, then the reduction of hazards and finally, the provision of personal protective equipment, clothing, devices or materials, all with the goal of ensuring the health and safety of employees." [5] This implies that personal protective equipment (PPE) should always be used as a last resort in case of an occupational hazard that cannot be eliminated or controlled by other means. However, it is often necessary to ensure that the work can continue despite less than optimal working conditions.
The objective of our research was to create a matrix of ergonomic criteria for the design of a cooling vest for deep and ultra-deep mining workers. The method used to achieve this involved three activities: two literature reviews, one on the miners' constraints and requirements in deep and ultra-deep mining, and a second on PPE development and measures, semi-directed interviews and finally a field observation of miners.
Background
In deep and ultra-deep mining, heat and humidity may reach levels in excess of 35 • C and 100% relative humidity [6] . These extreme thermal constraints will continue to rise as extraction continues at greater depths [4] , which presents a real challenge as well as a threat to the health and safety of miners [7] .
While air conditioning can and has been used to control temperature and humidity, it becomes a costly solution at great depths not only in terms of energy consumption, but also as to investment and maintenance costs [7, 8] . In the literature reviewed, annual costs for ventilation and cooling systems start from 20% of the annual energy usage [9] , 23% of the operating costs [10] , and 25% of the mine's electricity costs [11] . It is thus a significant expense for any mine operation. Ventilation on demand has been looked at as a possible solution, since not every sector of a mine has either machinery or workers in it at all times [12] . However, this can only postpone the need for mechanical refrigeration.
In the near future, full automation of mining vehicles in Canada might not yet be deployed extensively and humans should and will continue to be at the forefront of operations [1] . Moreover, some mining equipment such as shuttle-cars are not always equipped with air conditioned cabins.
It is thought that a personal cooling vest might be a solution that could protect the workers as well as reduce the costs of the cooling of the mine. Several types of cooling vests exist on the market [13] [14] [15] [16] , such as, air cooling garments, liquid cooling garments, cooling garments based on gas expansion, phase changing garments and thermoelectric cooling. In their work, Al Sayed et al. [17] list the many issues that may arise when using an ordinary cooling vest in deep underground mines, such as reduced cooling efficiency, risk of condensation on the interior of the vest, bulkiness of the apparel and low autonomy [17] . They conclude that no cooling technology is perfectly compatible with deep mining environments. A matrix of ergonomic criteria is thus a welcomed aid that could help in the design of such an equipment.
Research problem
Developing a PPE to help cool down the body of miners in extreme environmental conditions might be a less costly solution than the ones currently in use. While ventilation will always remain an essential part of a mine, a vest would bring the cooling directly to the miners who most need it.
Two key problems must be addressed: the working environment and conditions that it will be used in, as well as the workers wants and needs towards a new protective garment. The answers to these two problems will help create a matrix of ergonomic criteria, which will be used to develop an appropriate cooling vest.
Methodology
A sequential approach was used to answer the key problems. The first step consisted in a literature review on the constraints and requirements miners faced with deep and ultra-deep mining. This included V.T.M. Ngô et al. / Ergonomic design of a cooling vest in deep and ultra-deep mining environments S117 an analysis of the PPE currently worn by the miners and the energy expenditure associated with the work in an underground environment [18] .
Following the approval of the experimental protocol by the Ethics Committee of the École de technologie supérieure, the field study was conducted over four days in Abitibi-Témiscamingue. The economy of this region relies heavily on natural resources extraction industries and there are several deep and ultra-deep gold mines.
The field study allowed us to observe the working environment, as well as interview miners and retired miners. All the participants were informed of the aims of the research project and their right to voluntarily participate and withdraw at any time. The participants also gave their written informed consent. Semi-directed interviews and observations of the miners as well as temperature and humidity readings were then conducted.
The literature review conducted on constraints and requirements of miners in deep and ultra-deep mines was published by Ngô et al. [6] . It revealed the lack of data on deep and ultra-deep mining conditions and it was determined that a field study was necessary to collect missing key information. Little is known about the conditions workers face at those depths and, to the best of our knowledge, no case studies were found on the worker's metabolic rate under thermal stress in ultra-deep mines.
In total, 20 voluntary subjects, all male, were questioned during semi-directed interviews. The prevalence of men in the industry guided this choice, since only 4% of underground miners in Canada are women [19] . It was essential to determine how well miners would accept a new protective equipment. Basic data was collected, including each miner's weight, age and stature as well as their most commonly worn t-shirt size. This was then compared to data in the Human Scale [20] to determine if the miners had their own anthropometric category. To our knowledge, there is no existing anthropometric database specifically for Canadian miners. The miners were also asked if they had any concerns about the use of a cooling vest. The data was compiled and regrouped into themes, which became the criteria for the matrix, which was then defined.
PPE development literature was also examined to validate the criteria used in the matrix, as well as add those which had not been raised by the field study or the initial literature review, such as equipment maintenance.
Results

Miners' receptivity towards a new PPE
In the semi-directed interviews, participants were asked three questions: whether they thought a cooling vest would be a good PPE to be implemented, the reason why they thought so and if they would be willing to try out a future prototype.
All participants agreed that the environment was hot and humid and that a cooling vest would be beneficial to their work. Two miners spoke openly of their awareness of the consequences of heat exposure. They thought a cooling vest would help alleviate the risk of a heat stroke, as well as improve the worker's well-being during work. All 20 miners were in favor of trying out a prototype if it was made available to them. Three miners expressed some concerns regarding the weight and fit of the equipment.
Population
As mentioned, most Canadian mining workers are male. In the first half of the 20 th century, Polish immigrants came to settle in the region of northern Quebec [21] . They integrated the local communities to form the population that exists to this day. The data concerning the participants' weight, height and shirt size was collected during the field study. Due to time constraints, it was not possible to precisely measure each participant. Since the exactness of the data was unnecessary at this stage, their verbal descriptions were sufficient. Table 1 summarizes the results, while Figs 1 and 2 compare weight and height with the Human Scale (1, 50 and 99 percentiles which are yellow, orange and red respectively) for each participant.
Occupation
The word miner refers to all classes and laborers who work in a mine. However, the tasks are different depending on the miners, for example the work of a manual drill operator will involve the whole body, compared to shuttle-car operators who are sitting while driving which requires less use of the upper or lower body. During the field study, a variety of miners were interviewed to ensure a larger scope of answers. Their class distribution is detailed below.
-13 drill operators; -3 motormen; -2 construction workers; -1 shuttle-car operator; -1 supervisor. 
Shift and break times
The participants mostly worked on a 10-hour set shift; two of these worked 11 and 12 hours, respectively. Fourteen workers mentioned never taking a break except for lunch, or not at all. Observations showed that the workers do take "micro-breaks" when having a drink for example, or resting against a wall. They also stop working at times when they speak with their colleagues or supervisor. Having many short breaks is more beneficial, because of the steepness of recovery at the beginning of a work break [22] . Although the work objective is determined at the beginning of the day, 18 of the workers mentioned they self-pace while ensuring they complete the work in the allotted time. Seven mentioned taking a break because of the heat or based on their perception of their physical capacity.
General work environment
Temperature and humidity levels were recorded on four levels of the mine using a portable wind, humidity and temperature meter (Kestrel 3000 Wind Meter, uncertainty 1.4 • C and 3% RH). The findings are shown in Table 2 , where we can observe that high amounts of heat and humidity can be found at all levels, regardless of the depth. All shelters in the mine were equipped with an air conditioning unit, which would ordinarily help the miners during their cooldown period (such as a lunch break). However, to meet and possibly exceed their quota on time, some miners do not return to the cooling shelter at all during their work hours.
Personal protective equipment
Any additional PPE will have an impact on the existing PPE worn by miners or may even interfere or be incompatible with it. Thus, the type of PPE currently worn by miners needed to be determined. Table 3 establishes the mandatory and optional equipment used in the mine. The data was obtained both by questioning miners during semi-directed interviews and by obtaining the list of equipment from the health and safety team of the mine. When designing a cooling vest, this equipment will need to be considered.
Impact on the worker's body
The miners were asked if their garment snagged on wires or other mine hazards in the mine or if they used any vibrating tool or if they had been struck during their work. They were asked to use an outline of a human to annotate where various events happened on their body, and this diagram helped us generate a heat map. The heat map was used to visualise, using colors, the areas where the workers considered themselves more at risk of getting hit or snagged on wires or other mine hazards (Fig. 3) . Heat maps can also be used to show a thermal environment similar to what an infrared camera would show [23] . Figure 3 illustrates the areas which are considered more or less at risk of impact, vibration or snagging on wires or other mine hazards. The numbers on the figure indicate the frequency at which it was mentioned by a participant and the colour value is as follows: 1-3 Yellow, 4-6 Orange, 7-10 Red. The choice of colors was intended to make it easy to distinguish them on a scale of importance and facilitate visual interpretation when printing in grayscale, by respecting that a darker color means a higher value [24, 25] . The area that was mentioned the most was the arms, because the sleeves tend to get caught on the protective wiring on the mining shaft walls. The head was mentioned, because of the type of light used in the participating mine, which requires a wire that connects to a battery at the waist. Some mining hats are now equipped with an integrated battery in the hardhat which eliminates that risk. The feet were mentioned because of the absorption of vibrations during the use of manual drills when the worker supports the equipment with his body. The objective of this map is to prevent damage to the future PPE during the time it is worn and minimizing any potential risks to the user. 
Concerns about a new PPE
An open question was asked to the participants as to their concerns regarding a cooling vest. The data was compiled and is shown in Fig. 4 . We can observe that comfort and ease of movement are primary concerns, while efficiency and fitting did not cross their minds or seem to matter as much. With directed questions, it is possible that the results would have differed. 
. Design aesthetics and usability
An article by Sonderegger and Sauer [26] identifies two criteria from the perspective of design aesthetics, the outward look and attractiveness, which refers to the individual's reaction to a product. Multiple studies have proven that aesthetics and attractiveness have had an influence on the perceived usability of a product [27, 28] . Moreover, sometimes a performant equipment can be discarded in favor of an aesthetically pleasing equipment for the sake of the perceived image.
Maintenance
Koo et al. [29] mention two factors in their design of protective gardening gloves: durability and ease of care, which we merged into one category, maintenance of the equipment. Durability can be both mechanical resistance and the ability to keep its properties over time. Ease of care includes the time, costs, space and resources necessary to maintain an equipment in its proper state [30] .
Conformity to laws, regulations and standards
Different countries will have different laws, regulations and standards. Any new PPE must conform to those and should be designed using the latest and most stringent standards, according to the best practices.
Final matrix setup
The final matrix setup is show in Table 4 . The criteria are separated into two categories: one is centered on the user, while the other is centered on the general design of the equipment. The definition of each criteria is based on existing literature. The columns weight of criteria and selected method of evaluation should be completed in further studies using expert elicitation.
Discussion
The main objective of this research was to establish a matrix of ergonomic criteria that a cooling vest would have to meet to satisfy the needs and expectations of miners. Currently existing cooling vests are not appropriate for use in deep mining conditions [17] . While the safety, efficiency and autonomy of the apparel will be more centric to the designers, comfort and ease of movement will be a top priority to convince miners to try out the cooling vest. This finding is similar to the results of Chan et al. [31] , which state that the worker's preference for a cooling vest is related to the wearer's comfort and its impact on job performance although the perceived feeling of safety and the fit of the cooling vest were also mentioned.
Limited number of participants and time constraints
In a mine, the environment and situation is constantly changing. Miners are always on the move. Each day, even multiple times in a single day, changes in work schedule and assignment can occur. For these reasons, we could not effectively plan where and when we would meet the miners and if they would have time to answer our questions. This is the main reason why this study was limited to 20 participants, a convenience sample, even though a larger sampling would have been preferable.
The time constraints on our side and that of the miners and the mining company, meant the numbers related to weight, height and t-shirt size were obtained from the miner and were not directly measured. While it might have added a level of error, we considered that it would be negligible in terms of the answer to the question: what size should a vest be for a miner? Obviously, in the case of a fitted vest, more measures should be considered such as the ones for the coverall, harness and other items fitted on the body depending on whether the vest is inside or outside the coverall.
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Population
During our search on miner's anthropometry, we were unable to find any specific database pertinent to our mining population in Quebec, and even in Canada. In his thesis, Boudreau-Trudel [32] , states that S124 V.T.M. Ngô et al. / Ergonomic design of a cooling vest in deep and ultra-deep mining environments our mining population in Abitibi-Témiscamingue comprises both French Canadians, English Canadians and two waves of Polish, Ukrainian and Italian immigrants. This is also confirmed by Lambert-Racine and St-Pierre [21] .
Due to the previously mentioned absence of a specific database on Canadian miners, the data that was used for comparisons came from The Measure of Man and Woman [20] , also known as the Human Scale. It is based on civilian anthropometric data from the 90s (Pheasant 1996, Roebuck 1995) and The Military Handbook: Anthropometry of U.S. Military Personnel (DoD, 1991) , which means the data is already two decades old.
According to Figs 1 and 2 , miners are within the normal range defined by 98% of the U.S. population from 2002. This is shown clearly by the boundary lines for the 1, 50 and 99 percentiles which are yellow, orange and red respectively.
Variability of working environment conditions
We needed to meet the miners in four different levels of the mine, since their working environment (heat, humidity, type of work) and availability differed depending on the mine level and also, we wanted to have the largest possible representation of the population. This also influenced the rate at which they were seen to take "micro-breaks" and we can make the general hypothesis that self-pacing is also affected in the same way.
We believe the heat and humidity measures that were taken during the four days of field study represent what a miner endures in general. However, we can hypothesize that the temperature might rise even more during the summer season. Also, even though we could have consulted the records on the mines' temperatures as recorded by static thermometers throughout the year, these readings are not always relevant since they might not be from an area of the mine where the workers will be exposed to those conditions.
The main reason miners were found to be receptive to the idea of a cooling vest was because their working environment was already hot and humid as seen in Table 2 . Miners in a working environment where cooling systems are in use might not be as receptive to the idea since their work conditions differ.
Price of equipment
In Québec, Canada, legislation states that the employer must supply the necessary protective equipment to their workers at no cost. Thus, workers who already are experiencing heat in their current working conditions, but are still able to deliver and meet their objectives, might not be willing to invest in PPE if the employer does not provide it.
Impacts on the worker's body
Any new cooling vest should be resistant to impacts and vibrations in the critical areas of the heat map shown in Fig. 3 . Critical components should not cover the sections in red, and should be evaluated for the sections in orange and yellow, unless proper precautions are taken.
Conclusion and future research
Deep and ultra-deep mining is an unavoidable development for the future. Miners will be confronted with heat and humidity beyond acceptable levels. A PPE, although usually used as a last resort, could help ensure that the work continues while protecting the workers until a more effective means of heat stress reduction can be achieved.
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To the best of our knowledge, there exists no known matrix of ergonomic criteria to help achieve a proper design of a PPE that would help the miners in their struggle.
The literature review and field study enabled us to develop a matrix of ergonomic criteria. This matrix, once validated, can be used for the design of a new PPE that will help miners faced with heat stress in deep and ultra-deep mining conditions.
In future work, it might be possible to apply this matrix to other work environments where heat and humidity are problematic and it is hoped that it will eventually be widely implemented to improve all types of cooling vests.
